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BAC libraries generated from restriction-digested genomic DNA display representational bias and lack some sequences. To facilitate completion
of genome projects, procedures have been developed to create BACs from DNA physically sheared to create fragments extending up to 200 kb. The
DNA fragments were repaired to create blunt ends and ligated to a new BAC vector. This approach has been tested by generating BAC libraries from
DrosophilaDNAwith insert lengths between 50 and 150 kb. The libraries lack chimeric clone problems as determined by mapping paired BAC-end
sequences to the assembled fly genome sequence. The utility of “sheared” libraries was demonstrated by closure of a previous clone gap and by
isolation of clones from telomeric regions, which were notably absent from previous Drosophila BAC libraries.
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a crucial role in many genome mapping and sequencing
projects [1–7]. All previous BAC libraries have been
constructed from DNA partially digested with restriction
enzymes, such as EcoRI, MboI, and HindIII [5,8–11]. In
most mapped and sequenced genomes, a number of regions
remain unresolved due to an absence of BAC coverage, despite
considerable effort. BAC-based physical maps contain persis-
tent clone gaps, and maps created by alignment of BAC-end
sequences suffer from gaps and occasional genome assembly
errors. Such errors often result from difficulties in assembling
regions containing complex repetitive sequence blocks. In
addition, genome sequence assemblies derived by the whole
genome shotgun approach tend to have sequence collapses in
regions containing duplicons [6]. Finally, some genomic
sequences cannot be recovered through conventional BAC
cloning, presumably due to instability in Escherichia coli,
nonuniform distribution of restriction sites in the affected
regions, or potential toxicity of the cloned DNA. It has been⁎ Corresponding author. Fax: +1 510 450 7951.
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doi:10.1016/j.ygeno.2006.10.002impossible to clone high AT (>70%)-content DNA as large
inserts in E. coli, as was observed for Plasmodium falciparum
[12] and Dictyostelium discoideum [13]. Telomeric and/or
subtelomeric regions are underrepresented in most BAC
libraries, most likely due to problematic patterns of restriction
sites [14,15]. Obviously the ends of chromosomes are
inaccessible to cloning by partial restriction strategies due to
the absence of restriction sites in telomeric repeat sequences.
To circumvent this problem, half-yeast artificial chromosome
(YAC) clones have been created from the human genome to
isolate telomeric regions, but at considerable expense [14,16].
To reduce the cloning bias generated by restriction digestion,
we developed procedures to clone large fragments from
physically sheared genomic DNA. Four BAC libraries were
constructed, two for Drosophila melanogaster, one for D.
pseudoobscura, and one for human. One of the D. melano-
gaster BAC libraries has been characterized extensively by
mapping end sequences to the assembled genome sequence.
The usefulness of these D. melanogaster libraries has been
demonstrated by preparing physical maps of the telomeric
regions [17,18] and by closing a gap in the genome assembly
of the X chromosome.
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Development of cloning procedures
Our overall goal was to construct BAC libraries with a more
random representation of the genome than those generated
through partial genomic restriction digestion and potentially
suitable for closing gaps in existing physical maps. To this end,
a new cloning vector that enables cloning of blunt-ended DNA
fragments was developed. High-molecular-weight DNA
embedded in agarose blocks was sheared through repeated
freezing and thawing. To increase the fraction of blunt-ended
DNA fragments, the agarose blocks were incubated consecu-
tively with mung bean nuclease and T4 DNA polymerase or
only with T4 DNA polymerase. The “polished” DNAwas then
isolated from the agarose blocks by electroelution. Initial
attempts to clone these fragments directly into a blunt-ended
vector resulted in very low cloning efficiencies, at least 50-fold
lower compared with results from partial restriction-digest
fragments. Moreover, the recombinant clones were a minor
fraction, with most clones lacking inserts. The low efficiency
combined with high levels of noninsert clones made it
impractical to create BAC libraries in this way (data not
shown). To suppress the noninsert background problem, the
blunt-ended DNA was ligated to an adaptor to create 5′
protruding, noncomplementary (CACA) ends (Fig. 1). The
ligation products were then size-fractionated by pulsed-field gel
electrophoresis, permitting the simultaneous removal of excess
free adaptor and isolation of the sized genomic fragments. The
size-fractionated DNA retains 5′ extending ends, which can be
ligated to the complementary 5′ (TGTG) ends of the BstXI-
digested pTARBAC6 cloning vector (Fig. 1).
Construction of a new cloning vector
BstXI restriction sites were removed from the pTARBAC1
vector, resulting in the intermediate pTARBAC1.3 vector [11].
Two new BstXI sites were inserted at positions flanking a
stuffer fragment to be removed when creating a BAC library. A
small EcoRI (2728)–EcoRI (2801) fragment in the pTAR-
BAC1.3 vector was removed when the two BstXI sites were
inserted (Fig. 1). BstXI recognizes a 6-bp palindrome inter-
rupted by an arbitrary 6-bp sequence (CCANNNNNNTGG).
The newly inserted BstXI sites contain the same arbitrary
sequence (TTGTGT) but are placed within the pTARBAC6
vector in inverted orientation (Fig. 1). Digestion of the vector
with BstXI results in two fragments: a 10.6-kb vector replicon
and a 2.7-kb removable stuffer fragment. The two 5′ ends
(TGTG) of the cloning vector are not complementary to each
other, which suppresses vector self-ligation [19,20], but are
complementary to the adapter ends ligated to the sheared DNA
fragments.
Construction of BAC libraries
Two D. melanogaster BAC libraries designated as CHORI-
221 and CHORI-223 were constructed from sheared DNA usingthe pTARBAC6 vector. Each library is composed of 18,000
clones arrayed into 384-well microtiter dishes (Table 1). We
hypothesize that some cloning gaps in previous BAC libraries
(RPCI-98 [5]) might result from the combined instability of
multiple elements, which perhaps can be propagated separately
using smaller insert clones. In addition, stable sequences
adjacent to unclonable elements will be underrepresented in
large insert libraries. The CHORI-223 library was therefore
constructed with an ∼50-kb average insert size compared to
115 kb for the CHORI-221 library. Two BAC libraries
designated as CHORI-222 and CHORI-16 were constructed
from sheared D. pseudoobscura and sheared human DNA
(Table 1) and are composed of 8200 and 151,000 arrayed clones,
respectively.
Average insert sizes
BAC insert sizes were sampled for the four libraries by
pulsed-field gel electrophoresis. The average insert sizes were
115, 152, 48, and 84 kb with standard deviations of 33, 52, 17,
and 36 kb for the CHORI-221, CHORI-222, CHORI-223, and
CHORI-16 libraries, respectively. The insert size distributions
for the libraries are shown in Fig. 2. The fractions of noninsert
clones are estimated to be 10 (16/157), 6.3 (6/96), 1.0 (2/192),
and 4.8% (20/415) for the CHORI-221, CHORI-222 segment 2,
CHORI-223, and CHORI-16 libraries, respectively (Table 1).
Efficiency of constructing sheared DNA BAC libraries
BAC cloning efficiency is defined by the number of
independently transformed cells, also known as colony-forming
units, generated per microgram of size-fractionated DNA.
Using conventional BAC cloning from partially restriction-
digested genomic DNA, a sharp decrease in the cloning
efficiency is always observed with increasing insert size. For
instance, cloning from the 130-kb DNA size fraction is at least
5-fold higher than from the 170-kb fraction (unpublished
observations). We observed a similar decrease in cloning
efficiency, inversely proportional to DNA size, when we cloned
sheared genomic DNA. It is important to consider the relative
cloning efficiency from sheared DNA versus partially digested
DNA. The results of comparison of cloning efficiencies by the
different methods are presented in Table 1, for five BAC
libraries. We have constructed fly (CHORI-221 and CHORI-
223) and human (CHORI-16) BAC libraries from sheared
DNA. We have also constructed many more BAC libraries from
EcoRI partially digested DNA, for instance the fly (RPCI-98)
and human (RPCI-11) libraries [5,9]. The efficiency of
constructing the CHORI-221 library was 3.6-fold lower than
that of the RPCI-98 library even though the average insert size
of CHORI-221 is 50 kb less than that of RPCI-98. Similarly the
efficiency of creating CHORI-16 was 4.2-fold lower than that of
RPCI-11, while the average insert size of CHORI-16 is 95 kb
less than that of RPCI-11. The high cloning efficiency for
CHORI-223 was due mainly to the small average size of
sheared fragments (48 kb). We were able to generate the
CHORI-222 library with 152-kb average insert size from
Fig. 1. (A) Construction of the pTARBAC6 vector. The pTARBAC6 vector was generated from pTARBAC1.3 by replacing the two BamHI–EcoRI fragments with
synthetic adapters to regenerate the BstXI sites while eliminating the BamHI sites. The restriction enzyme names followed by numbers in parentheses indicate the base
position of each restriction enzyme cutting site. The sequences of two BstXI sites are shown and their cutting sites are indicated by the arrows. (B) Cloning blunt-ended
sheared DNA into vector. Digestion of the pTARBAC6 vector generates two cohesive ends (TGTG) that are not complementary to each other, thus suppressing self-
ligation of the vector. Blunt-ended sheared DNA is ligated with an adaptor that has a blunt end and a protruding end (CACA). The DNAwith the adaptor is compatible
with ligation with the cohesive ends of the vector.
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Table 1
Summary of fly and human BAC libraries
Library
RPCI-11 CHORI-16 RPCI-98 CHORI-221 CHORI-222 CHORI-223
Cloning vector pBACe3.6 pTARBAC6 pBACe3.6 pTARBAC6 pTARBAC6 pTARBAC6
DNA source White blood cells White blood cells Adult fly Adult fly Adult fly Adult fly
Method EcoRI Sheared EcoRI Sheared Sheared Sheared
Empty wells 5334 (1.2%) 3340 (2.1%) 243 (1.3%) 360 (1.9%) 443 (4.8%) 258 (1.4%)
Noninsert clones (%) 9/1028 (0.9%) 20/415 (4.8%) 9/272 (3.3%) 16/157 (10%) 6/96 (6.3%) 2/192 (1.0%)
Recombinant clones ∼437,415 ∼151,058 ∼17,588 ∼16,265 ∼8218 ∼17,992
Insert size 175 kb 84 kb 165 kb 115 kb 152 kb 48 kb
Standard deviation 34 kb 36 kb 33 kb 33 kb 52 kb 17 kb
Library redundancy 23.1-fold 4.1-fold 22-fold 15.6-fold 10.4-fold 7.2-fold
Cfu/μg 131,200 30,700 66,900 18,800 147,300 217,100
Fly and human BAC libraries were constructed using EcoRI partially digested DNA [5,9] and sheared DNA. The “Method” row indicates whether the libraries were
constructed by using EcoRI partially digested DNA or sheared DNA. Empty wells were manually scored for each plate. “Library” indicates the official library
nomenclature for clone registry in public databases. The “Recombinant clones” row represents total wells after empty wells, and estimated total noninsert clones were
subtracted in each segment. The “Insert size” row shows the average insert size of each library. The “Cfu/μg” row indicates colony-forming unit per microgram of size-
fractionated insert DNA corresponding to each library. The cloning efficiencies for the RPCI-98 and RPCI-11 libraries were not described previously, but calculated for
comparison in this study. The library redundancies were estimated using 120 and 3200 Mb as the Drosophila and human genome sizes, respectively.
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able to reproduce this for the other libraries.
Mapping BAC ends
Cloning artifacts that combine unrelated genomic fragments
in a single derivative clone can be a major impediment forFig. 2. Insert size distribution of the CHORI-221, CHORI-222, CHORI-223, and CHO
to 230 kb. The vertical axis presents the number of clones in each insert size range.genome mapping and sequencing if they occur at significant
levels. Chimeric clone levels in YAC libraries were always high,
with chimeric clones representing at least 10% of the total. By
contrast, BAC libraries prepared by partial restriction-digest
cloning have relatively low numbers of chimeras: levels of 1% or
lower have been reported for the human, mouse, and rat BAC
libraries used in support of genome projects [9–11]. To ascertainRI-16 libraries. The horizontal axis is divided into 23 10-kb bins ranging from 0
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cloning strategy, paired “CHORI-221” BAC end sequences
were mapped onto release 3 of the D. melanogaster genome
sequence assembly [7]. A small number of BAC end
sequences containing highly repetitive sequences were aligned
onto the release 5 D. melanogaster genome sequence
assembly (http://www.fruitfly.org/sequence/release5genomic.
shtml). High-quality sequences were obtained from raw
sequence trace files for 288 BACs by trimming vector,
adapter, and low-quality 3′ sequences. A total of 239 BACs
had high-quality sequences at both ends. These BAC-end
sequences were mapped by BLASTN to the fly genome
sequence. A total of 227 clones (95%) map to unique locations
and display a virtual insert size compatible with the properties
of the BAC library. Nine BACs could not be used to test
chimera levels because at least one end lacked unique
sequence or lacked a corresponding BLASTN hit in the
release 3 and 5 fly genome sequences. These BAC ends are
probably representing heterochromatic regions. The remaining
three clones had unmapped heterochromatic sequences at both
ends. No chimeric BACs were identified in this analysis. To
exhibit the distribution of BACs from CHORI-221 and RPCI-
98 libraries, the numbers of mapped BACs to all chromosome
arms are summarized in Table 2.Table 2
Summary of clone distribution on each chromosome arm
Chromosome % (converted
size) of each
chromosome
CHORI-221 library RPCI-98 library
No. of
clones
observed
No. of
clones
expected
No. of
clones
observed
No. of
clones
expected
X (21.9 Mb) 14.7%
(16.4 Mb)
43 33 1136 1229
3L (23.4 Mb) 21.0%
(23.4 Mb)
53 48 1825 1750
3R (27.9 Mb) 25%
(27.9 Mb)
67 57 2095 2087
2L (22.2 Mb) 19.9%
(22.2 Mb)
25 45 1699 1661
2R (20.3 Mb) 18.2%
(20.3 Mb)
36 41 1562 1519
4 (1.2 Mb) 1.1%
(1.2 Mb)
3 2 18 90
Heterochromatin 3
No unique match 9
The numbers of clones mapped and expected on each chromosome arm from the
CHORI-221 and RPCI-98 libraries are summarized. The RPCI-98 clone
mapping information was obtained from a publicly available database. A total
of 227 and 8335 clones from the CHORI-221 and RPCI-98 libraries, respec-
tively, were uniquely mapped within the expected distance on the same
chromosome arms. The percentage of X chromosome was calculated based on
the fact that the X chromosome should be represented at 75% with respect to the
autosomes, because the genomic DNA was prepared from a 50/50 mixed
population of adult males and females. The expected numbers of clones on each
chromosome were calculated using the following formula: total number of
uniquely mapped clones (227 for CHORI-221 and 8335 for RPCI-98) ×
percentage of each chromosome. The row “Heterochromatin” represents the
number of clones for which both end sequences were aligned to heterochromatic
sequences. Both end sequences of 9 clones contained repetitive sequences, thus it
was not possible to localize them to a specific chromosome region. These clones
are summarized in the row “No unique match.”Screening D. melanogaster BAC libraries
Most eukaryotic genomes contain regions of highly
repetitive sequences, designated as heterochromatin, that are
clustered mainly in centromeric and telomeric regions. Most
genome analyses have been focused on the euchromatic portion
of the genomes [5], where most of the genes are found. The
repetitive nature of the heterochromatic regions has made
mapping and sequencing difficult. Heterochromatic regions are
often underrepresented in BAC libraries constructed by the
partial restriction-digest approach. For instance, we previously
reported underrepresentation of α-satellite sequences with the
340-bp EcoRI repeat in the human BAC library, presumably
due to the abundance of EcoRI sites and the use of EcoRI for
the cloning strategy [9]. To examine if sheared libraries affect
the efficiency of cloning heterochromatic regions, three fly
libraries were compared: the RPCI-98 BAC library generated
by cloning EcoRI restriction fragments and the CHORI-221 and
CHORI-223 BAC libraries generated from sheared DNA. To
this end, the libraries were initially screened with the 359
satellite, a major variant of the D. melanogaster 1.688 satellite
DNA family. This DNA sequence consists of a tandemly
repeated 359-bp monomer lacking EcoRI sites. The 359
satellite extends across the centromere of the X chromosome
and has been estimated to account for about 11Mb (6.1%) of the
D. melanogaster genome [21,22]. The three libraries each
contain 18,000 clones with the genomic redundancies estimated
to be 22-, 15.6-, and 7.2-fold, respectively, by taking the
average insert size of the clones into account. Only six
hybridizing clones were found in the RPCI-98 library,
compared to 26 and 218 hybridizing clones in the CHORI-
221 and CHORI-223 libraries, respectively (Table 3). This
indicates improved cloning efficiency of genomic regions
containing this satellite sequence following the new strategy.
Nevertheless, the fraction of positive clones in the “sheared”
libraries was much less than the 6.1% fraction of the genome
corresponding to the 1.688 satellite, indicating that additional
factors creating cloning bias against these heterochromatic
regions exist. Further hybridizations were performed using
seven additional heterochromatin repeat probes (Table 3). In
principle, larger insert clones would be more useful for
construction of physical maps. It is remarkable that a larger
fraction of positive clones was detected in CHORI-223 (48 kb
average insert size) compared to CHORI-221 (115 kb average
insert size) for all probes except Mst77F. The aberrant results
with the Mst77F probe may relate to its distribution in the
genome. It is not exclusively derived from heterochromatic
regions and hybridizes to a euchromatic gene on chromosome 3
and to heterochromatic pseudogenes on the Y chromosome
[23]. Three major dodeca satellite blocks, two of which are
larger than 200 kb in size, have been found in the centromeric
region (h53) of D. melanogaster chromosome 3 [24]. Mapping
BACs in the h53 region revealed that none of the 110
hybridization-positive clones from the RPCI-98 library
(Table 3) was localized onto the two large dodeca satellite
blocks, indicating that all the positive clones are derived from
regions containing small dodeca satellite blocks. By contrast,
Table 3
Comparison of numbers of hybridization-positive clones
Probe RPCI-98 CHORI-221 CHORI-223
359 satellite 6 26 218
356 satellite 21 11 79
353 satellite 25 6 148
Dodeca satellite 110 21 70
18HT satellite 4 1 5
Circe 296 68 219
Doc2 324 57 160
Mst77F 28 23 14
The satellite sequences derive from different heterochromatic regions (chromo-
somes X, Y, and 3). Circe and Doc2 are retrotransposons found only in
heterochromatin. All probes derive from the heterochromatin. The Mst77F
probe, however, hybridizes with a euchromatic gene on chromosome 3 and with
heterochromatic pseudogenes on the Y chromosome [23].
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map to the large dodeca satellite blocks (A. Villasante et al.,
unpublished results). It is therefore important to note that the
number of hybridization-positive clones using repeat probes
may not reflect the true representation of the library.
Extension of contigs toward telomere and closing gaps
The most distal regions of the telomeres of D. melanogaster
chromosomes had not previously been cloned and mapped,
reflecting deficiencies of the earlier BAC libraries [5,25]. PhysicalFig. 3. A schematic representation of redundant BAC clones derived from CHORI-2
AE003417 at the left end of the X chromosome (cytological band 1A1). The region
identified using a probe isolated from the RP98-37P7 BAC.maps of telomeric regions of each chromosome arm have nowbeen
prepared using the new BAC libraries (CHORI-221 and CHORI-
223). The physical maps of chromosome armsXL, 2L, 2R, 3L, 3R,
and 4Rwere extended by∼270,∼45,∼90,∼35,∼20, and∼35 kb,
respectively, from the most distal clones obtained from earlier
libraries and have permitted the detailed structural analysis of the
telomeric regions of D. melanogaster [18]. A persistent clone gap
(∼45 kb) near the tip of the X chromosome has been reported
between the genomic sequences with GenBank Accession Nos.
AABU01002701 andAE003417 [25]. No clones spanning this gap
could be found in three libraries generated from partial genomic
digest fragments created with EcoRI (RPCI-98), NdeII, and Hin-
dIII (the European Drosophila Genome Project “DrosBAC”
BACN and BACH libraries), respectively. The end of the most
distal clone (RP98-37P7) contained several copies of the 1.688
satellite repeat (Fig. 3). Amore distal sequence contig derived from
small-insert clones was available but was separated from the most
distal BAC through a gap in clone coverage.When theCHORI-221
library was screened with a probe isolated from RP98-37P7, nine
clones that span the gap were found (Fig. 3). The results described
above demonstrate the utility of these libraries for construction of
physical maps from highly repetitive regions.
Discussion
We present here procedures enabling the construction of BAC
libraries derived from sheared DNA. A new BAC vector,21 and covering a gap between sequence Accession Nos. AABU01002701 and
containing 1.688 repeats is shown with a rectangle. A total of 11 clones were
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adaptor ligation. Three Drosophila BAC libraries have been
constructed and characterized by BAC-end sequence mapping,
screening with heterochromatic probes, and screening with probes
flanking a prior cloning gap. No chimeric clones were found in a
sample of 227 BAC clones with unique end-sequence pairs (Table
2). An increased fraction of clones containing highly repetitive
sequences could be identified in the libraries generated from
sheared DNA (Table 3). Interestingly, the smaller insert library
presented better representation in terms of number of hybridization-
positive clones using various probes derived from heterochromatic
regions. It is not clear why the smaller insert library had more
positive clones for these probes, but we speculate that it may be due
to cloning of relatively short regions of heterochromatic DNA
situated between highly repetitive or toxic regions. The sheared
DNA libraries have provided clones for regions with highly
repetitive sequences and for subtelomeric regions [7,17,18,26].
Although we have not shown that sheared DNA BACs are more
randomly distributed than BACs generated by restriction digest
(Table 2), we demonstrated that the sheared DNA libraries have a
different and complementary distribution with better representation
of problematic and repeat-rich regions at telomeres (Fig. 3) and in
centromeric heterochromatin. The D. melanogaster “sheared
DNA” libraries have permitted the characterization of previously
unmapped regions of the fly genome. Construction of BAC
libraries from sheared DNA is now feasible but may need careful
consideration for highly complex genomes similar to the human
genome. This deliberation relates to the logistics of making a BAC
library from a typical mammalian genome of 3 billion base pairs.
The current cloning efficiency of size-fractionated sheared DNA
was about 30,000 colony-forming units per microgram for the
human CHORI-16 BAC library. At the observed 80-kb insert size,
we were able to generate a BAC library representing about 4.1-fold
coverage of the human genome at great effort and expense. One
would need to create about 375,000 BAC clones from 12 μg of
size-purified DNA. In practice, this corresponds to 24 successful
preparative pulsed-field gels to purify the DNA size fraction and
2000 transformations. Moreover, with one notable exception for
the CHORI-222 D. pseudoobscura BAC library, we have never
been able to generate BACs with insert sizes in the range of 150 kb
or larger from sheared DNA. Nevertheless, the high costs of
creating BACs from blunt-ended fragments may be justified for
genomes that will be mapped and sequenced at a high-quality
“finished” level, including the centromeric and telomeric hetero-
chromatin regions. For instance, nearly all human telomeric
sequences were previously isolated from a dedicated half-YAC
library at high cost [14,16]. To demonstrate the usefulness of
cloning sheared DNA, we have recently created a BAC library
from mouse genomic DNA and successfully isolated most of the
telomeric and subtelomeric sequences (unpublished results).Materials and methods
Construction and preparation of BAC vectors
The pTARBAC1.3 vector was constructed from the pTARBAC1 vector
[27] by eliminating two ApaLI sites and one BstXI site by crossover PCR [11].The pTARBAC1.3 vector was digested with BamHI and EcoRI and separated
in a 0.7% agarose gel. The BamHI–BamHI (10.6 kb) and EcoRI–EcoRI
(2.8 kb) fragments were recovered from the gel and ligated to a partial-duplex
linker (BglII–BstXI–EcoRI) composed of overlapping oligonucleotides
(GATCTCCATTGTGTTGGG; AATTCCCAACACAATGGA). This resulted
in the pTARBAC6 vector (Fig. 1). The GenBank accession number for the
sequence of the pTARBAC6 vector is EF081457. Approximately 12.5 μg
pTARBAC6 vector DNA was digested with 10 units of ApaLI (New England
Biolabs) in 500 μl reaction mixture [50 mM potassium acetate, 20 mM Tris
acetate (pH 7.9), 10 mM magnesium acetate, 1 mM dithiothreitol, 100 μg/ml
BSA] at 37°C for 15 min. Subsequently 3 units of calf intestinal alkaline
phosphatase (Roche) were added to the reaction mixture, and the incubation
was continued at 37°C for another 1 h. The DNA was extracted with 500 μl
phenol:chloroform:isoamyl alcohol (25:24:1), then with 500 μl chloroform,
and precipitated with 500 μl isopropanol after mixing with 50 μl 3 M sodium
acetate (pH 5.2) and 1 μl 20 mg/ml glycogen (Roche). The pellet was rinsed
with 500 μl 70% ethanol twice and dried in a laminar hood for 15 min. To
prepare for cloning, all recovered vector DNA (10–12 μg) was digested with
10 units of BstXI (New England Biolabs) at 55°C for 1 h. The BstXI-digested
DNA was loaded in a large preparative well in 0.7% agarose gel (25 cm long
and 15 cm wide) and run at 3 V/cm for 16 h. The vector fragment (10.6 kb)
was sliced from the gel and recovered by electrodialysis [28].
Preparation of high-molecular-weight DNA
High-molecular-weight DNA from mixed-sex adult flies was prepared
in agarose blocks (InCert agarose; FMC) as previously described [5]. The
D. melanogaster BAC libraries CHORI-221 and CHORI-223 were prepared
from an isogenic y1; cn1 bw1 sp1 strain [29]. The D. pseudoobscura BAC
library CHORI-222 was prepared from the strain Tucson 14011-0121.4, which
was obtained from the Drosophila Species Stock Center (Tucson, AZ, USA)
(http://stockcenter.arl.arizona.edu/). Preparation of agarose-embedded DNA
from anonymous human blood samples has been described [9].
Construction of a sheared DNA library
Four agarose blocks (∼100 μg DNA) were each cut into four small pieces.
The agarose blocks were transferred into a 15-ml conical screw-cap
polypropylene tube (Corning 430790) and frozen and thawed four times by
cycling between dry ice for 3 min and room temperature for 10 min. The
agarose-embedded DNA was treated with mung bean nuclease (40 units; New
England Biolabs) in the commercially supplied buffer [50 mM sodium acetate
(pH 5.0), 30 mM NaCl, 1 mM ZnSO4] in 1.5 ml reaction mixture at 30°C for
2 h. The enzyme was inactivated by adding 3 μl of 20% SDS in the reaction
mixture and maintaining the mixture at room temperature for 30 min. The
agarose blocks were transferred into dialysis tubing (¾ in. diameter, molecular
weight exclusion limit of 12,000–14,000 daltons; Invitrogen). DNA was
electroeluted into 300 μl sterile 0.5× TBE buffer at 3 V/cm for 3 h [28,30]. The
DNA was dialyzed in TE [10 mM Tris–HCl (pH 8.0), 1 mM EDTA] buffer at
4°C overnight. The DNA solution and agarose pieces were recovered and
treated with 6 units of T4 DNA polymerase (New England Biolabs) in a 500-μl
reaction mixture at 16°C for 1 h. The reaction was stopped by adding 10 μl
0.5 M EDTA and 10 μl 10 mg/ml proteinase K and incubating at 37°C for 1 h.
Proteinase K was inactivated by adding 10 μl 100 mM PMSF and incubating at
room temperature for 1 h. The solution was dialyzed against water on a floating
dialysis membrane (47 mm diameter, 0.025-μm pore-size microdialysis filters;
Millipore) for 3 h. Alternatively, after freeze and thaw cycles the agarose
embedded DNA was kept on ice with 105 units of T4 DNA polymerase (New
England Biolabs) in 500 μl reaction mixture [50 mM NaCl, 10 mM Tris–HCl
(pH 7.9), 10 mM MgCl2, 1 mM dithiothreitol, 50 μg/ml BSA, 100 μM each
dNTP] and incubated at 16°C for 20 min. The reaction buffer was removed and
then the T4 DNA polymerase was inactivated by 300 μg proteinase K (Roche)
in 1.5 ml TE50 [10 mM Tris–HCl (pH 8.0), 50 mM EDTA] buffer at 37°C for
1 h. Proteinase K was inactivated with 1.5 ml 2 mM PMSF in TE50 buffer at
room temperature for 1 h. DNA was electroeluted in the same manner.
Lyophilized BstXI adaptor (18 μg) consisting of 5′-phosphorylated
CTGGAAAG and CTTTCCAGCACA (Invitrogen Cat. No. N-408-18) was
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thawed on ice prior to use. The dialyzed genomic DNA (∼750 μl) was
transferred into a microcentrifuge tube and the DNAwas ligated to 280 pmol of
BstXI adaptor with 10 units T4 DNA ligase (Invitrogen) in a final volume of
1 ml [400 mM Tris–HCl (pH 7.6), 10 mM MgCl2, 1 mM ATP, 1 mM DTT, 5%
(w/v) polyethylene glycol 8000]. The ligation mixture (1 ml) was loaded into a
preparative well of a 1% agarose gel and separated in a contour-clamped
homogeneous electrical field (CHEF [31]) unit as described [30]. Size-
fractionated DNA electroeluted from a gel slice was ligated to the BstXI sites of
the pTARBAC6 vector and then used to transform E. coli DH10B (Invitrogen)
by electroporation. Approximately 0.5 μg of sheared, adaptor-ligated, and size-
fractionated DNAwas obtained from a single size fractionation on a single gel
using 100 μg of agarose-embedded DNA. The transformed cells were spread on
22×22-cm LB agar plates containing 5% sucrose and 20 μg/ml chloramphe-
nicol and incubated at 37°C for 20 h. Colonies were picked and arrayed into 48
384-well microtiter dishes containing LB medium with 7.5% glycerol and
20 μg/ml chloramphenicol. The BAC vector and libraries are available from
BACPAC Resources (http://bacpac.chori.org) at Children’s Hospital and
Research Center (Oakland, CA, USA).
Insert size analysis
BACs from the CHORI-221 (192 clones), CHORI-222 (96 clones), CHORI-
223 (192 clones), and CHORI-16 (422 clones) libraries were inoculated in 96-
deep-well blocks containing LB medium with 20 μg/ml chloramphenicol. BAC
DNA was isolated using an automated plasmid isolation robot (AutoGen960;
Autogen) and digested with PI-SceI (New England Biolabs) for CHORI-221,
-222, and -223 and NotI (New England Biolabs) for CHORI-16. The DNAwas
loaded on a 1% agarose gel in 0.5× TBE buffer, run in CHEF units, and analyzed
as described [30]. The size (10.6 kb) of the vector was subtracted from the size of
the linearized DNA fragments for determining insert sizes for the CHORI-221,
CHORI-222, and CHORI-223 libraries.
Mapping of paired BAC end sequences
The BAC-end sequencing procedure originally developed at The Institute
for Genome Research was modified as described [10]. A total of 288 BACs were
sequenced on an ABI377 DNA machine using the following primers for the T7
and SP6 ends, respectively: GCCGCTAATACGACTCACTATAGGGAGAG
and GTTTTTTGCGATCTGCCGTTTC. Low-quality sequences were trimmed
from the 3′ raw sequence data when more than three N’s appeared in a set of 20
bases after the 400th base read. Vector and adaptor (GGAAAG) sequences were
trimmed from the 5′ end. The trimming process was automated through the use
of a PERL script. The end sequences were matched against the release 3
sequence assembly of the D. melanogaster genome [7] using BLASTN [32].
The alignment results provide accurate chromosomal map locations and a virtual
insert size. A simple graphic interface program designated as “chrmapV11.pl”
was designed using PERL/Gtk to visualize the mapping results for all BAC
clones.
Hybridization
RPCI-98 [5], CHORI-221, and CHORI-223 libraries containing ∼18,000
clones each were gridded in duplicate with a specific pattern on nylon
membranes using an automated gridding robot (BioRobotics). The high-density
replica filters were processed with alkaline solution, neutralization solution, and
protease solution as described [10]. A total of eight probes were labeled using
random priming and hybridized to the filters. The 18HT satellite, Doc2, and
Mst77F DNA was isolated from the centromeric region of chromosome Y
[33,34]. The other five probes have been described elsewhere: 359, 356, 353
satellites [21,35], dodeca satellite [36], and Circe [37].Acknowledgments
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